A solderable conductive adhesive (SCA) using low-melting-point alloy (LMPA) filler was developed to overcome the limitations of conventional electrically conductive adhesives (ECAs), which include their low electrical conductivity, increased contact resistance, and low joint strength. The SCA formed good metallurgical conduction path between the corresponding electrodes due to the rheology-coalescencewetting behaviors of molten LMPA fillers in SCA. This study examined the reliability of SCA assembly through the thermal shock test (218 to 398 K, 1000 cycles) and the high temperature and high humidity test (358 K/85%RH, 1000 h). The electrical resistance of the SCA assembly with metallurgical interconnections was much more stable than those with conventional ICAs. Before the reliability tests, a scallop-type Cu 6 Sn 5 (©-phase) intermetallic compound (IMC) layer was formed on the Sn-plated Cu lead/LMPA and LMPA/Cu metallization interface based on the results of interfacial microstructure observations of quad flat packages (QFPs) that were assembled with SCA. After the reliability tests, the thickness of IMC layer increased with time, and Cu 6 Sn 5 (©-phase) and Cu 3 Sn (¾-phase) were formed. In addition, the fracture surface exhibited a cleavage fracture mode with the fracture propagating along the CuSn IMC/SnBi interface. These results demonstrate that SCA assembly with metallurgical interconnection has stable electrical and mechanical bonding characteristics.
Introduction
Electrically conductive adhesives (ECAs) consisting of a polymer resin and conductive fillers have been widely used in the field of microelectronic packaging due to their many advantages such as low temperature processing, fine pitch capability, simple processing, and compatibility with nonsolderable materials. 1, 2) There are two main types of ECAs: isotropic conductive adhesives (ICAs) and anisotropic conductive adhesives (ACAs). ICAs produce approximately equal electricity flow in all directions, while ACAs have a unidirectional electrical conductivity flow in the Z-axis through the conductive particles trapped between the corresponding electrodes. Due to the unidirectional conductivity and composition of ACAs, these adhesives have advantages such as flexibility and fine pitch capability. On the other hand, conventional ECAs form a conduction path through the physical/mechanical contact of conductive fillers during the curing process and, as a result, have several critical limitations such as low electrical conductivity, unstable contact resistance, and low impact and joint strength 3, 4) compared to metallurgical interconnections created using a conventional soldering technique. In order to improve their electrical and mechanical properties and their reliability, we developed functionalized SCAs with lowmelting-point alloy (LMPA) fillers and an interconnection process. Stable electrical resistance 5, 6) and high bonding strength can be achieved by metallurgical interconnection of molten LMPA fillers in the polymer matrix. 7, 8) In this study, the reliability of quad flat package (QFP) assembly using SCA was compared with those with conventional ICAs. In addition, we assessed the interfacial microstructure and fracture surface between the QFP lead and substrate metallization through cross-sectional investigation and failure analysis.
Experimental

Materials
The SCA used in this study was mainly composed of a polymer matrix and LMPA filler particles. Diglycidyl ether of bisphenol F (DGEBF: Kukdo Chemical) epoxy resin, which is a base material of the polymer matrix, was used as the binder. 4-4A-diaminodiphenylmethane (DDM: TCI Korea Co.) and boron trifluoride-mono-ethylene amine (BF 3 MEA: Wako Pure Chemical) were used as a curing agent and catalyst, respectively. Carboxylic acid (Aldrich Chem. Co.) was used as a reductant to remove the oxide layer from the surfaces of the LMPA fillers and the electrode pad. The distributed LMPA filler material was Sn58Bi (diameter: 45 µm; Senju Metal Co.). As shown in the Fig. 1 , the filler particles were uniformly distributed in the polymer matrix at 20 vol%. Sn58Bi eutectic solder has a relatively low melting temperature of 412.15 K, higher ultimate tensile and shear strengths than those of the SnPb eutectic solder and reliable wetting capability on various substrates.
9) The compositions of the SCAs are shown in Table 1 . Three kinds of conventional ICAs with Ag flakes (ICA 1, ICA 2 and ICA 3) were used in the comparison of reliability properties. The compositions and curing conditions of conventional ICAs are shown in Table 2 .
A quad flat package (QFP: Topline) was used for the SCA interconnection process. The QFP had dimensions of 14 © 14 © 2.7 mm 3 and had a Sn-plated 44-pin I/O with a 1.0 mm lead pitch. The area of the printed circuit board (PCB) was 32 © 32 © 1.0 mm 3 with an 18 µm-thick Cuplated electrode. To examine the electrical properties, a daisychain pattern was formed in the QFP and PCB.
Test method 2.2.1 SCA interconnection
To form the SCA interconnections, the substrate test board was sonicated for 1 min in acetone, rinsed with de-ionized water, and dried using an air-jet. A metal mask was aligned on the cleaned PCB board. Then, using the squeegee method, the formulated SCA was uniformly applied on the exposed whole electrodes of the PCB board at a thickness of 100 µm. After the SCA was applied, the QFP test chip was aligned and mounted onto the corresponding electrode patterns using a flip chip bonder (LAMBDA: FINETECH Co.). Finally, the test vehicle was reflowed according to the temperature profile.
The temperature profile of the SCA interconnection consists of the solder reaction region and the polymer curing region. The solder reaction region was maintained at 433 K for 20 s, which was 20 K higher than melting point of LMPA filler. This created a conduction path between the electrodes due to the superior melting-rheology-wetting-coalescence behaviors of LMPA fillers. In addition, the polymer-curing region was maintained at 453 K for 80 s to obtain complete curing of the polymer matrix. Conduction paths were fixed by the contraction of the polymer matrix and SCA interconnection was completed.
Reliability test
To examine the reliability properties of the SCA assembly, a thermal shock test and an aging test under high temperature and high humidity were performed.
The thermal shock test was performed using the JESD22-A106B C condition (218 to 398 K, 1000 cycles) using a thermal shock chamber (TSE-11-A: Espec Corp.) for monitoring the electrical resistance shift of the SCA assembly. The dwell time at each peak temperature was 30 min and the transition time between low and high temperatures was 10 s. The ramping and cooling rate of these cycles was approximately 18 K/s.
The high temperature and high humidity test was conducted using the JESD22-A101C condition (358 K/ 85%RH, 1000 h) using a constant temperature and humidity chamber (EN-GLMP-52: ENEX Co.) for monitoring the electrical resistance shift of the SCA assembly. The reliability test conditions are shown in Table 3 .
All cured samples were tested using a multimeter (2750: Keithley Co.) to monitor to changes in total electrical resistance through the series circuit-type daisy-chain during the each reliability tests. The daisy-chain structure on the PCB and QFP test chip was shown in the Fig. 2 . In addition, a 45-degree pull test was performed using a pull tester (PTR-1000, Rhesca Co.), with pull speed of 6 mm/min, in order to evaluate the mechanical integrity of the QFP joints. The pull strength of the QFP joints (22 leads) was measured before and after the reliability tests.
Cross-sectional investigation and failure analysis
To investigate the interface microstructure and fracture mode of SCAs before and after reliability tests, crosssectional studies and failure analysis were conducted.
For the cross-sectional investigation, test specimens were molded on epoxy, then cross-sectioned using the polishing process. The microstructure of the bonding interface was examined by field-emission scanning electron microscopy (FE-SEM: Sigma, Carl Zeiss Co. Ltd.) using back-scattered electron (BSE) mode. In addition, an energy dispersive spectrometer (EDS: NORAN System 7, Thermo Scientific) was used for chemical composition analysis of the intermetallic compounds (IMCs). In addition, the fracture mode of the joints was analyzed by assessing the morphology of the fracture surfaces and by chemical composition analysis of the fracture interfaces of the SCA joints after the 45-degree pull test.
Results and Discussion
Reliability properties
To investigate the reliability properties of SCA assemblies, the thermal shock (218 to 398 K, 1000 cycles) and high temperature and high humidity (358 K/85%RH, 1000 h) tests were performed.
The electrical resistance shifts of conventional ICA and SCA assemblies during each reliability test are shown in Fig. 3 and Fig. 4 , respectively. As can be seen the results, the initial electrical resistance of SCA assembly were lower than those of conventional ICA assemblies. Previous study in our laboratory has shown that reducing capability of SCA is essential for establishing proper wetting and coalescence behavior between metallizations and stable metallurgical interconnections.
10) As such, we expected that the surface oxide films of particles and metallization to be almost or completely eliminated by the use of carboxylic acid reductant in formulated SCA.
As shown in Fig. 3 , the electrical resistance of conventional ICA 1 and ICA 3 proportionally increased with the number of cycles under thermal shock test conditions. The electrical resistance of ICA 2 also increased proportionally during the first 600 cycles, but increased rapidly thereafter. The rapid temperature changes of the thermal shock test causes shrinkage and expansion of substrates, eventually leading to an increase in electrical resistance. 11) Interestingly, when compared with the conventional ICAs, the SCA assembly showed much more stability in terms of electrical resistance when subjected to this test. Figure 4 shows the electrical resistance changes of conventional ICAs and SCA assemblies during the high temperature and high humidity test. The conventional ICAs, ICA 1 and ICA 2, showed extreme changes in electrical resistance, while the changes in ICA 3 were proportional. Electrical resistance increased as test time increased in the high humidity condition, likely caused by moisture absorption by the adhesive and resulting in surface oxidation of particles and metallization, adhesion degradation, and hygroscopic expansion. 12, 13) Again, the SCA assembly showed excellent electrical properties, even though the initial electrical resistance increased slightly. It has been proposed that the increase in electrical resistance between ICA and Cufinished board during temperature and humidity aging is due to galvanic corrosion of the non-noble metal surfaces.
14)
The electrical resistance and mechanical pull strength of SCA assemblies before and after reliability tests are shown in the Fig. 5 and Fig. 6 , respectively. As shown in Fig. 5 , the electrical resistances before and after the thermal shock test were 2.27 and 2.33 ³ (about a 2.6% increase), respectively. The electrical resistances before and after the high temperature and high humidity test were 2.50 and 2.56 ³ (about a 2.4% increase), respectively. The results of our reliability tests strongly suggest that the SCA assembly has more stable electrical conductance. On the other hand, as shown in Fig. 6 , pull strengths after the thermal shock and high temperature and high humidity tests were 17.84 and 14.16 N, respectively. Pull strength was decreased about 8.7% after the thermal Fig. 3 The electrical resistance shift of conventional ICA and SCA assemblies during thermal shock test. Fig. 4 The electrical resistance shift of conventional ICA and SCA assemblies during high temperature and high humidity test. shock test and 27.5% after the high temperature and high humidity tests when compared to the initial pull strength of 19.53 N. The change in mechanical pull strength was caused by a decrease in adhesion caused by moisture absorption into the polymer matrix and the increase in brittleness on the bonding interface was caused by excessive expansion of the IMCs.
Microstructure and failure analysis
To investigate the interface microstructure and the mode of fracture of SCA joints, cross-sectional studies and failure analysis were conducted for each reliability test.
Cross-sectional FE-SEM images of SCA joints before and after the reliability tests are shown in the Figs. 79. The QFP joint using the SCA was composed of a metallurgical conduction path of molten LMPA filler and a cured polymer region (outside of the conduction path). The cross-sectional images of SCA joints before reliability testing are shown in Fig. 7 . As shown in the figure, the most of LMPA fillers were coalesced and wet on the upper and lower metallization. It can be seen that the wetted coalesced LMPA formed a good fillet shape at the heel and toe region of QFP lead and the stable metallurgical interconnection could be achieved by the LMPA fillers. The spherical LMPA fillers remained outside the interconnection region. Since the remaining LMPA fillers were covered with the polymer matrix, the QFP assembly maintained its insulation properties between adjacent leads. Previous study has shown that the reduction capability of polymer matrix is indispensable for the stable metallurgical interconnection, and must have a sufficient reduction capability against the used LMPA material and metallization. 15) At the interface between the Sn-plated Cu lead and the LMPA filler, scallop-type Cu 6 Sn 5 (©-phase) IMC with a thickness of 13 µm was formed, which was caused by the interfacial reaction of the Cu lead and liquid Sn. Residual Bi from the LMPA filler was concentrated at the IMC and solder interface. In addition, a scallop-type Cu 6 Sn 5 (©-phase) IMC with a thickness of about 12 µm was formed at the interface of the Cu metallization of the PCB and the LMPA filler. A small amount of Cu 3 Sn (¾-phase) was measured between the Cu 6 Sn 5 IMC layer and the Cu metallization by EDS analysis. However, as shown in Figs. 89, the total IMC layers after reliability testing grew, and the scallop-type IMC transformed into a layer-type IMC. The IMC layer consisted of two Fig. 6 Mechanical pull strength shift of SCA assemblies before and after reliability test. Fig. 7 The interfacial microstructure of the QFP joint using SCA before reliability test. Fig. 9 The interfacial microstructure of the QFP joint using SCA after high temperature and high humidity test. Fig. 8 The interfacial microstructure of the QFP joint using SCA after thermal shock test.
clearly separated layers and the compositions of the interfacial structure were formed with Cu 6 Sn 5 and Cu 3 Sn IMC. In the IMC growth process, Cu from the metallization diffused to the solder/Cu 6 Sn 5 interface by volume or grain boundary diffusion and reacted with Sn to form Cu 6 Sn 5 IMC (1) at the Cu 6 Sn 5 /Cu interface. In addition, Cu 3 Sn IMC was formed by the reaction between Cu 6 Sn 5 and Cu metallization (2). 16, 17) 6Cu þ 5Sn ! Cu 6 Sn 5 ð1Þ 9Cu þ Cu 6 Sn 5 ! 5Cu 3 Sn ð2Þ
In response to thermal shock, the total thickness of the IMC layer increased to 46 µm (Cu 3 Brittleness caused by excessive intermetallic accumulation degrades interfacial integrity and induces a mismatch in physical properties such as the coefficient of thermal expansion (CTE) and the elastic modulus. As a result, the thermal fatigue life, tensile strength, and fracture toughness of solder joints are compromised by increases in the CuSn IMC layer. 18, 19) We therefore expected that the pull strengths after the thermal shock and high temperature and high humidity tests would be decreased secondary to increases in the CuSn IMC layer. The fracture surface morphologies of SCA joints before and after each reliability test are shown in Fig. 10 . Two images of each specimen are presented: one of the entire fracture surface at a relatively low magnification and one at a higher magnification. As shown in the results, at every SCA joint the initiating breakage point began at the top of the heel side and propagated toward the toe side along the solder/IMC interface. Prior to reliability testing ( Fig. 10(a) ), the crack propagated through the solder/Cu 6 Sn 5 interface and the fracture surface was composed of two regions: perfect Cu 6 Sn 5 grains and cracked Bi-rich solder. This indicated that most fractures were fundamentally propagated within the Bi-rich phase close to the IMC layer. 20) In addition, the fracture surface showing a semibrittle fracture mode contained quasi-cleavage fractures mixed with cleavage and ductile tear bands.
On the other hand, as shown in the Fig. 10(b) , the fracture surface after thermal shock had a dimpled surface of Sn-rich solder, a cleaved surface of Bi-rich solder and Cu 3 Sn grains. Under the thermal shock test, the size of the Bi-rich phase increased at the solder side of the solder/Cu 6 Sn 5 interface caused by the consumption of Sn from bulk solder to Cu 6 Sn 5 IMC. The cleavage fracture occurred along the Bi-rich phase boundary. The mechanical strength of joints degrades through these phenomena. 21) The crack propagated along the Sn-rich solder/IMC interface and through the brittle Birich phase. 22) The fracture surface after the high temperature and high humidity test (Fig. 10(c) ) showed a very similar fracture mode and chemical composition compared with before reliability test. Though interfacial IMC was increased (see Fig. 9 ), the crack still propagated through the solder/Cu 6 Sn 5 interface. The fracture surface was composed of Cu 6 Sn 5 grains and cracked Bi-rich solder. In addition, the fracture was semi-brittle and contained quasi-cleavage fractures. The Bi segregation at the Cu/Cu 3 Sn interface was not investigated here. In addition, increased void formations were observed on the fracture surface after reliability testing ( Fig. 10(b), (c) ). The SnBi eutectic solder had a serious voiding problem due to its low melting point. As the presence of voids reduces the effective joint area, the mechanical strength would be decreased. 23) 
Conclusion
In this study we investigated the reliability properties of SCA with LMPA filler particles. By thermal shock and high temperature and high humidity testing, the SCA assemblies showed good electrical stability, which resulted from the formation of stable metallurgical interconnections. The mechanical strength of the assemblies was decreased about 8.7% after thermal shock testing and 27.5% after high temperature and high humidity testing, compared with initial pull strength before reliability testing due to the increase in the brittleness of the bonding interface caused by excessive growth of the IMCs and the increase in void formation in the SCA joints. In summary, the SCA had excellent electrical and mechanical reliability properties when compared with conventional ICAs.
